Allergy to airborne environmental antigens (allergens) is a major cause of asthma in children and adults. This review argues that the development of allergen-specific immunologic memory of the type that predisposes to allergy development is the end result of a T-cell selection process operative during infancy, which is triggered via encounters between the immature immune system and incoming airborne allergens from the environment. In normal individuals this process leads to the development of allergen-specific T-memory cells that secure the T helper (Th)-1 pattern of cytokines, which actively suppress the growth of their allergy-inducing Th-2 cytokinesecreting counterparts. However, these protective allergen-reactive Th-1 memory cells fail to develop in some individuals, permitting the subsequent proliferation of allergen-specific Th-2 cells that can trigger allergic reactions. Recent evidence suggests that genetic predisposition to allergy may be due in part to hyperactivity of control mechanisms operative in utero and which normally protect the fetoplacental unit against the toxic effect of Th-1 cytokines.
Introduction
There is increasing evidence that the prevalence of allergic respiratory diseases, atopic asthma in particular, is currently rising at an unprecedented rate (1) (2) (3) (4) . It is also becoming clear that this rise is largely restricted to First World countries, to the extent that it is widely believed to be linked to Western lifestyle (5, 6) . A wide range of environmental antigens, or allergens, have been identified as eliciting agents, the most potent of which are found in the indoor environment (7) . Comparative studies on populations in the western versus eastern (formerly socialist) parts of Germany suggest that this rise in the west commenced in the late 1950s or early 1960s coincident with the surge in postwar economic growth, whereas prevalence rates in the economically stagnant east remained stable (2) , and similar trends are emerging from studies in Scandinavia and the Baltic States (2) .
Collectively, these epidemiologic findings argue strongly that environmental factors are primarily responsible for the changes in disease prevalence, and the debate is intensifying internationally as to the precise nature of these factors. The list of candidates are legion and include diet, housing design, population density, and allergen load in the environment. Particular interest is focused on air pollution and respiratory infections and how these factors interact with the components of the immunoinflammatory system that are associated with the manifestations of allergy (8) (9) (10) .
To determine how these environmental factors operate, it is necessary to first gain a broad understanding of the cellular and molecular mechanisms underlying the induction and expression of allergic reactions; the purpose of this review is to highlight a series of recent advances in this rapidly moving field. In particular, given the compelling findings in the current epidemiologic literature, which indicate that these time-related rises in prevalence of allergic respiratory disease manifest initially in young children, the principal focus of this review is the issue of primary allergic sensitization in early life.
Why Allergy?
The disease asthma is clearly a multifactorial process, but there is now an international consensus that an essential feature of the disease is inflammation of the airway mucosa. The latter may be triggered by chemical irritants, virus infection [particularly in infants with small airways (11) ], or environmental allergens (12) . All of these factors are potentially interactive; in particular, allergic asthma can be exacerbated by viral infection (13, 14) or air pollutants (15) .
However, seroepidemiologic studies on large populations indicate a strong correlation between serum titers of immunoglobulin (Ig)E (the allergic antibody) and the manifestation of asthma in all age groups (16) , which points to allergy as a major determinant of the asthmatic phenotype. In this context, it is also of interest to note that recent comparative studies on the immunopathology of atopic (allergic) versus intrinsic (of hitherto unknown etiology) asthma have demonstrated virtually identical immunoinflammatory infiltrates in airway biopsy samples from patients with these two forms of the disease (17 Hence, the principal focus of immunologic research in the asthma and allergy area has progressively turned toward the issue of T-cell reactivity to allergens, in particular the question of how sensitivity to different classes of environmental allergens encountered at the body's mucosal surfaces is programmed into long-term immunologic memory.
Regulation of T-Cell Immunity at Mucosal Surfaces: Insight from Experimental Models
The host response to low-level antigen exposure at mucosal surfaces is regulated via the immunologic equivalent of the yin-yang principle, as described in Figure 1 (19, 20) . The response is initiated by specialized antigen-presenting dendritic cells (DCs), which are distributed as a tightly meshed network within the epithelium overlying the body's mucosas, in particular in the respiratory tract (21) (22) (23) . Their function is to sample incoming inhaled antigens and transport them to regional lymph nodes for presentation to T lymphocytes (23, 24) . In the scheme detailed in Figure 1 responder T lymphocytes (27) . The tandem operation of these two regulatory processes summate to the phenomenon of oral tolerance, which is believed to be the principal mechanism that protects against food allergy and associated immunologic enteropathies.
It is of interest to note that both oral tolerance and its respiratory tract equivalent function poorly in newborn animals, and that these mechanisms do not become fully functional until around the time of weaning (27) . The evidence from animal model systems suggests that the key events determining the nature of T-cell memory to mucosally presented allergens occur at or around the time of the first few exposures. Accordingly, there is increasing interest in the nature of allergen-specific T-cell immunity to these antigens during infancy and early childhood, the period during which the human immune system ostensibly first encounters these agents.
Regulation of T-Cell
Recent studies reviewed by Holt (27) demonstrate that IgG and IgE antibody production against food and inhalant allergens is indeed initiated during infancy, which pinpoints this life period as a crucial phase in the process underlying development of allergic disease. Prospective cohort studies examining both antibody (29) and T-cell lymphoproliferative responses (30) suggest that repeated exposure to environmental allergens during this period stimulates a variety of different T-cell regulatory mechanisms depending on the levels of allergen exposure. Notably, high-dose exposure to food allergens appears to trigger high-zone tolerance mechanisms, leading in most individuals to the efficient deletion of the bulk of food allergen-specific T cells. In contrast, exposure levels to inhalant allergens are 1 to 2 orders of magnitude lower and instead preferentially trigger immune deviation mechanisms that select for allergen-specific Th-2 memory cells in atopics or Th-1 memory cells in normals (27, 30, 31 (32, 33) -trophoblasts in particular (36) . This blanket of Th-2 cytokines has the effect of skewing neonatal responses towards selection for Th-2 memory cells.
It is also evident that this Th-2 skew is maintained for varying periods postnatally, as infant mice display preferential expansion of Th-2 memory cells during the preweaning period (37, 38) . Indirect evidence strongly suggests that the same situation applies in humans. It is widely recognized that peripheral blood leukocytes (PBL) from human infants display poor IFN-y-secreting capacity, which can persist for up to 5 years postnatally (39) .
The Sensitization Window during Infancy
It is of further interest to note that infant (40) and neonatal (41) (42) (43) PBL from subjects with atopic family history manifest significantly lower IFN-y-secreting capacity than their family history negative counterparts, suggesting that hyperactivity of the mechanism(s) responsible for maintenance of the Th-2 skew during fetal life may be inherent in the atopic genotype.
This provides an explanation for one of the enigmas of the allergy literature, notably the existence of a transient high-risk window for allergic sensitization during infancy. The latter concept derives from a wide body of epidemiology demonstrating that exposure to relatively high levels of inhalant allergens during the first few months of life (exemplified by birth during the pollen season) is associated with markedly increased risk for expression of allergic respiratory disease in response to exposure to the same allergens in adult life (2, 44) , particularly in infants with positive atopic family history (45) . These findings are not universally accepted, as some studies suggest that the highest risk is associated with birth 2 to 3 months before the peak of the pollen season (46) , whereas others have failed to detect such relationships (47) . However, it has been argued that these contrasting findings may be due to variations in the degree of fluctuation in aeroallergen levels throughout the year in different geographical areas.
In the context of the many studies where birth-month effects have been detected, it can be argued that initial exposure of newborns to high levels of environmental allergens at a time when their immune systems are still partially locked into the Th-2-skewed cytokine phenotype characteristic of fetal life would maximize the likelihood of development of potentially pathogenic Th-2-skewed allergen-specific Th-cell memory. Furthermore, this risk may be highest in infants of the atopic genotype, in whom the perinatal Th-2 skew appears strongest.
Evidence is also emerging that this risk may be further amplified via prenatal allergen exposure. Reports from several independent laboratories suggest that initial priming Environmental Health Perspectives * Vol 106, Supplement 3 * June 1998 P.G. HOLT of the fetal immune system against environmental allergens can occur in utero in many instances (30, 42, (48) (49) (50) , possibly via transplacental transport of allergenspecific IgG antibody and low levels of native or processed allergen from the maternal circulation (30) . Moreover, recent work from our laboratory indicates that these early T-cell responses are dominated by Th-2-selective cytokines, in particular IL-10 (51). Cellular Mechanism(s) Underlying the Th-2 Skew during Infancy A further series of publications during the last year from yet another area of the perinatal immunology literature has provided further insight into this process and may prove to be a major watershed in the allergy and asthma literature. These publications concern the phenomenon of neonatal tolerance, an experimental system that has been studied extensively since the 1960s and has provided much of the theoretical background to our current understanding of discrimination between self and nonself antigens in the immune response.
The (52, 53) .
Importantly, the step in the immune response in infant mice at which this lock out occurs has been narrowed down to a singular cellular locus involving the activity of the antigen-presenting cells (APC) that initiate T-cell activation (52) . The principal APC population responsible for stimulating primary immune responses involving Th-0 cells is the DC. In immunocompetent adults, DCs preferentially stimulate Th-1 memory cell development, but in infants they lack this capacity and instead promote Th-2 responses. If their activity is bypassed by adoptive immunization of newborns with antigen-pulsed syngeneic adult DCs, the ensuing immune response leads to adult-equivalent Th-1 memory development (52) .
The precise nature of the functional differences between adult and neonatal DC remains to be established. A likely candidate is capacity for production of IL-12, the principal cytokine employed by adult DCs for positive selection of Th-1 memory cells [(54,55) ; Figure 1 ], and our laboratory is currently focusing on this question in relation to human neonatal DCs. It is also interesting to note in this context that the reduced capacity of human infant T cells to secrete IFN-y in response to polyclonal stimulation can be partially corrected by supplementation of the cultures with maternal peripheral blood accessory cells (56, 57) , which again suggests that the general findings in the mouse model are likely to be broadly applicable to humans.
In relation to infant immune responses to the airborne environmental allergens associated with atopic asthma, the relevant APC population involved in Th memory development is the airway intraepithelial DC described above (21) (22) (23) . This network is functionally deficient in rats during infancy and develops functional competence at a slower rate than DCs in other mucosal or lymphoid compartments, hinting at an important role for local tissue factors in the maturation process (39, 57) .
Local tissue inflammation appears to be one factor that hastens postnatal maturation of these cells (56) .
Conclusions
It is becoming increasingly clear that in many individuals the expression of allergic diseases such as atopic asthma is attributable to immunologic errors occurring during infancy, which result in inappropriate selection for allergen-specific Th-2 memory cells. It is also likely that a common cause of such errors may be the sluggish postnatal maturation of the Th-1-selective functions of APC, in particular airway mucosal DC populations.
The prime function of DCs is believed to be generation of protective Th-1 immunity against microbial pathogens presented at mucosal surfaces (52, 58) . Breakdown products of the pathogens themselves (especially bacterial lipopolysaccharides) provide one of the major stimuli for DCs to secrete the potent Th-1-selective cytokine The second major stimulus for IL-12 production by DCs is interaction with CD40 ligand on the surface of activated T cells. However, neonatal and infant T cells are deficient in CD40 ligand expression (59) , and hence in the absence of strong signaling via CD40 ligand, IL-12 production by DCs in early life may be more dependent on microbial stimulation than is the case in adulthood. This may account in part for the apparent protective effects of respiratory infections in early life in relation to subsequent allergy development, and in turn for some of the differences in prevalence of asthma and atopy related to geography and social class (2, 3, (8) (9) (10) .
To what extent can these new findings be usefully applied to primary prevention of allergic respiratory diseases? At present this question remains within the realms of research, but a variety of novel strategies based on these concepts are currently under development in several centers.
These strategies indude: inhalant allergen avoidance measures aimed at limiting allergen exposure during the period of early infancy in which the fetal Th-2 skew is most marked; development of pharmacologic adjuvant strategies that aim to mimic the DC-stimulatory effects of microbial agents without the attendant tissue damage caused by infections; and immunotherapeutic intervention in allergen-specific immune responses during infancy to directly stimulate Th-1 memory development via a vaccinelike approach (60) .
The alarming upward trend in the prevalence of atopic respiratory disease in our communities, and the spiraling costs of associated health care, provide urgent imperatives for the vigorous pursuit of these and related strategies for primary disease prevention.
